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Abstract: In the last decade, many epidemiologic studies Jiave investigated tlie link between 
vitamin D deficiency and asthma. IVIost studies have shown that vitamin D deficiency increases the 
rislc of asthma and allergies. Low levels of vitamin D have been associated with asthma severity 
and loss of control, together with recurrent exacerbations. Remodeling is an early event in astlima 
described as a consequence of production of mediators and growth factors by inflammatory 
and resident bronchial cells. Consequently, Jung function is aJtered, with a decrease in forced 
expiratory volume in one second and exacerbated airway hyperresponsiveness. SubepitheUal 
fibrosis and airway smooth muscle ceJI hypertrophy are typical features of structural changes 
in the airways. In animal models, vitamin D deficiency enhances inflammation and bronchial 
anomalies. In severe asthma of childhood, major remodeling is observed in patients with low 
vitamin D levels. Conversely, the antifibrotic and antiproliferative effects of vitamin D in smooth 
muscle cells have been described in several experiments. In this review, we briefly summarize 
the current knowledge regarding the relationship between vitamin D and asthma, and focus on 
its effect on airway remodeling and its potential therapeutic impact for asthma. 
Keywords: vitamin D, asthma, airway remodeling, airway smooth muscle, supplementation 

Introduction 

Vitamin D is an essential nutrient with significant pleiotropic effects, and its role in 
immunomodulation is considered to be of major importance. Moreover, there is growing 
evidence that vitamin D also contributes positively to pulmonary health.' Vitamin D is 
a secosteroid hormone synthesized by the skin following exposure to ultraviolet B light. 
Solar radiation photolyzes 7-dehydrocholesterol in the skin to previtamin D3, which 
is then converted to vitamin D3 (cholecalciferol).^ Cholecalciferol from the skin and 
diet is hydroxylated in the liver to 2 5 -hydroxy vitamin D3 [25(OH)D]. Hydroxylation 
of 25(OH)D to its biologically active form, ie, calcitriol (l,25(OH)2D3), takes place 
mainly in the kidney, but also in other sites, such as immune cells. Vitamin D signaling 
occurs predominantly through binding of 1 ,25(OH)jDj to the vitamin D receptor (VDR), 
formation of a heterodimer with the retinoid X receptor, and subsequent regulation 
of gene expression after translocation to the nucleus. Alternatively, l,25(OH)2D3 can 
bind to the VDR on the plasma membrane to exert rapid responses via production of 
second messengers.^-* 

Epidemiology 

Worldwide, there have been many asthma cohorts looking at vitamin D status in associa- 
tion with asthma and allergy, and these have shown contradictory results. Most studies 
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have demonstrated an association between vitamin D defi- 
ciency and increased asthma risk.^ Several case-control 
studies performed in different countries have shown a high 
prevalence of vitamin D deficiency in asthmatic children 
compared with controls, even in surmy areas. Two studies 
conducted in Italian children showed that hypovitaminosis D 
was very frequent in asthmatic children, with only 1 1% of 
children having adequate vitamin D levels.' '" Several studies 
in children and adults concluded that low levels of vitamin D 
(defined as circulating 25(OH)D levels <30 ng/mL) were 
correlated with asthma severity, altered lung function, 
increased airway hyperresponsiveness, increased reactivity 
to exercise,'"'^ and loss of control." Several authors have 
demonstrated the involvement of vitamin D deficiency in 
severity and control of asthma. Lower concentrations of 
vitamin D have been associated with an increased risk of 
exacerbations."" " In one study, children with decreased 
serum 25(OH)D levels had a risk of asthma exacerbation 
that was eight times higher than that in children with stable 
or increased serum 25(OH)D levels.'^ 

However, the data are controversial. Some studies have 
reported conflicting results, ie, no association between vitamin D 
status and asthma in either children or adults."-^" More time 
spent in the sun in winter between the ages of 6 and 1 5 years 
has been associated with an increased risk of hay fever.^° 

The vitamin D pathway has revealed a number of 
polymorphisms in its components, including the VDR 



(the major receptor for the bioactive form of 25(OH)D), 
the microsomal vitamin D hydroxylase enzyme cytochrome 
P450 (CYP)2RI, and the vitamin D-binding protein GC.^' 
Genetic variants in the VDR are variably associated with a 
risk of asthma.^^"^* It is worth noting that, in addition to being 
expressed by immune cells, airway smooth muscle (ASM) 
cells also express functional VDR.^^ Another interesting gene 
is sphingosine-1 -phosphate phosphatase {SGPP2) that had 
significant differences in expression depending on serum 
25(OH)D level. Single nucleotide polymorphisms of SGPP2 
have been associated with forced expiratory volume in one 
second (FEVj) variations in the general population.^'' 

Vitamin D and airway inflammation 

Data from observational studies suggest a protective role of 
vitamin D in severe asthma. An immune-modulating poten- 
tial of vitamin D has been implicated in asthma, and there is 
increasing evidence to support the role of the vitamin D path- 
way in the regulation of immune function. The VDR has been 
found on almost all immune cells, including macrophages 
and dendiitic cells, as well as T-cells and B-cells;^-^'"^' these 
receptors increase five-fold following activation of quiescent 
cells.-"' In vivo studies in mouse models suggested this asso- 
ciation, with Wittke et al demonstrating that VDR knockout 
mice do not develop experimental asthma, leading these 
authors to conclude that vitamin D is required for generation 
of T-helper (Th)2-driven inflammation in the airways." 
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Figure I Potential pathways Involving vitamin D in airway remodeling. Airway remodeling can be defined as changes in the composition, content, and organization of 
the cellular and molecular constituents of the airway wall. These structural changes include epithelial detachment, subepithelial fibrosis, increased ASM mass, goblet cell 
hyperplasia, mucous gland hyperplasia, and proliferation of blood vessels. Asthma exacerbation is triggered by allergens or viruses, inducing T-helper cell-driven inflammation 
and resulting In production of growth factors (TGF-[3, TNF-a, and VEGF), profibrotic mediators {TGF-p, LTs, PG), MMPs, and ECM protein. Vitamin D Insufficiency is 
associated with alteration in lung development, cellular senescence with inflammation and MMP release, and ASM hyperplasia. Potential beneficial effects of vitamin D are 
increasing Treg activity, improving innate immunity against viruses, decreasing release of induced mediators, and decreasing production of LTs, PG, MMP, TNF-a and TGF-j3, 
resulting in decreased subepithelial fibrosis and ASM hypertrophy. 

Abbreviations: ASM, airway smooth muscle; ECM, extracellular matrix; MMP, matrix metal loproteinase; LTs, leukotrienes; IL, Interleukin; Tregs, regulatory T-cells; TGF-p, 
transforming growth factor-beta; IFNy, interferon gamma; TNF-a, tumor necrosis factor alpha; PG, prostaglandin; VEGF, vascular endothelial growth factor; Th2, T-helper 
2; MBP, major basic protein. 
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Vitamin D promotes immune regulation. Indeed, in vitro 
studies have demonstrated the capacity of vitamin D to 
induce a tolerogenic dendritic cell phenotype producing 
interleukin (IL)-IO, which promotes generation of fork- 
head box P3 (F0XP3) regulatory T-cells (Tregs).^^" In 
children with asthma, serum 25(OH)D levels were signifi- 
cantly correlated with CD25+ F0XP3+ Tregs and IL-10+ 
CD4+ T lymphocytes.''' These cells are associated with ste- 
roid sensitivity. Vitamin D deficiency could hinder expression 
of F0XP3 in CD4+ Tregs, thereby lowering steroid-induced 
production of IL- 1 0 and decreasing the anti-inflammatory 
activity of glucocorticoids. In contrast, vitamin D supplemen- 
tation reverses steroid resistance, probably via upregulation 
of F0XP3 in Tregs. Moreover, it has been recently shown 
that vitamin D inhibits proinflammatory Thl 7 responses. 
Glucocorticoids do not inhibit IL- 1 7A cytokine expression 
in vivo or in vitro, whereas treatment with l,25(OH)2Dj 
significantly reduces IL-17A and IL-22 levels." Clinical 
studies show that the improvement in lung function obtained 
with inhaled steroid treatment is reduced in children with 
vitamin D deficiency.'* 

Lastly, adequate vitamin D status may prevent asthma 
by upregulating the production of antimicrobial proteins, 
such as cathelicidin and beta defensins, thereby inhibiting 
the inflammatory reaction arising from viral respiratory 
tract infection." Considering the major role of viruses in 
exacerbations of asthma, together with the consequences of 
recurrent exacerbations for airway remodeling, the potential 
therapeutic involvement of vitamin D to inhibit remodeling 
is discussed below. 

Vitamin D and airway remodeling 

The extensive airway remodeling occurring in asthma is 
characterized by structural changes that include abnormally 
thickened epithelium with mucous gland hypertrophy, subepi- 
thelial membrane thickening, fibrosis with altered composi- 
tion and deposition of extracellular matrix, angiogenesis, and 
greatly increased ASM mass.''" Airway remodeling therefore 
often causes irreversible airflow limitation and increased 
airway hyperresponsiveness. The thickness of the basement 
membrane is negatively correlated with FEVj and the provoc- 
ative dose of methacholine."" Traditionally, remodeling was 
thought to occur as a result of long-term inflammation but it 
is now clear that remodeling begins in early childhood before 
the age of 3 years.''^ In ovalbumin-sensitized mice, vitamin 
D deficiency was associated with greater airway hyperrespon- 
siveness and more marked signs of airway remodeling than 
that observed in vitamin D-replete mice. Vitamin D supple- 



mentation attenuated these proinflammatory effects, but did 
not completely reverse the features of allergic airway inflam- 
mation.'" In a murine model of chronic asthma, vitamin D 
treatment concomitant with ovalbumin challenge reduced 
chronic ovalbumin-induced inflammation and attenuated 
structural changes in the airways, including subepithelial 
fibrosis, goblet cell hyperplasia, and increased ASM mass. 
Nuclear translocation of nuclear factor-kappa B (NF-kB) p65 
was inhibited, suggesting that vitamin D supplementation 
could attenuate airway remodeling in asthma via inhibition 
of NF-kB activation.'''' 

Inflammatory cells such as eosinophils produce and 
secrete matrix metalloproteinase (MMP)-9, which is capable 
of digesting type IV collagen, a component of the basement 
membrane. Overproduction of tissue inhibitors of matrix 
metalloproteinase 1 (TIMP-1) allows deposition of extra- 
cellular matrix and subepithelial fibrosis. Fibroblasts play 
a critical role in this exaggerated deposition of collagen 
when activated by tumor growth factor-beta- 1 (TGF-pi), a 
profibrotic cytokine.'''" In asthma, inflammatory and resi- 
dent cells such as macrophages, lymphocytes, eosinophils, 
fibroblasts, and airway epithelial cells synthesize TGF-p. 
Th2-derived cytokines, including IL-4, play an important role 
in airway remodeling.''^ TGF-[3 induces TIMP-1 expression 
in a Th2-dependent manner'''" Vitamin D decreases CD4+ 
T-cell production of the signature Th2 cytokines, IL-4, IL-5, 
and IL-13, and promotes release of IL-10. The concentra- 
tion of calcitriol in vitro may be critical in determining the 
effect on Th2 cell differentiation and function.'"' In the same 
way, l,25(OH)2Dj inhibited the proliferation and activation 
of murine fibroblasts treated with TGF-P 1 and reduced the 
expression of extracellular matrix proteins (Figure 1).''^ 
In vitro experiments have demonstrated that TGF-P 1 induces 
epithelial-mesenchymal transition in bronchial epithelial 
cells, with a decrease in E-cadherin expression and an 
increase in expression of vimentin and a-smooth muscle 
actin.''* Bradykinin induces differentiation of lung fibroblasts 
into myofibroblasts.'" 

The antifibrotic effects of vitamin D have been described 
in several disease models. VDR knockout mice showed 
increased influx of inflammatory cells, phosphoacetylation of 
NF-kB associated with increased proinflammatory mediators, 
and upregulation of metalloproteinases in the lung. This was 
associated with emphysema and a decline in lung function 
associated with formation of lymphoid aggregates.^" Further, 
l,25(OH)2D3 suppresses production of MMPs and enhances 
TIMP-1 levels in tuberculosis.^' In a human squamous 
carcinoma cell line, vitamin D3 significantly suppressed 
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production of MMP-9 and MMP-13 mRNA and proteins 
in a dose-dependent manner.^^ In a Crohn's disease model, 
a vitamin D analog attenuated the profibrotic response of 
colonic myofibroblasts to high matrix stiffnesss." Calcitriol 
is known to attenuate epidermal inflammation. Exposure to 
tumor necrosis factor-alpha (TNF-a) markedly increased 
protein and mRNA levels of MMP-9, while pretreatment 
with calcitriol reduced this effect in a dose-dependent 
manner. This effect was associated with a reduction in acti- 
vation ofNF-KB.^^ l,25(OH)2D3 attenuates TNF-a-induced 
p65 nuclear translocation and NF-kB activity in a VDR- 
dependent manner because VDR physically interacts with 
IkB kinase (3 to block NF-kB activation. This interaction is 
enhanced by l,25(OH)2D3.^^ 

Airway remodeling in asthma includes increased ASM 
mass, reflecting myocyte proliferation.^''"^* Hypertrophy of 
ASM is correlated with a decrease in FEVj after provocation 
by histamine. Interestingly, vitamin D has antiproliferative 
effects on ASM, decelerating cell cycling and decreasing 
hyperplasia.'" Asthmatic ASM cells express higher levels of 
MMP-9, and ADAM metallopetidase domain 33(ADAM33) 
suppress disintegrin, and metalloprotease 33 when compared 
with nonasthmatic ASM cells. Treatment of asthmatic cells 
with vitamin D reduced the mRNA and protein expression of 
MMP-9 and ADAM33 genes.'' Further, polymorphisms in the 
VDR gene have been linked to increased airway resistance in 
mice.*' A study demonstrated that calcitriol (but not dexam- 
ethasone), added to human ASM cultures, inhibited platelet- 
derived growth factor-induced DNA synthesis. These effects 
were associated with VDR-mediated expression of CYP24A1, 
with no effect on apoptosis of ASM cells. ''^ 

Gupta et al described major evidence for a role for 
vitamin D in remodeling in a study of children with severe 
therapy-resistant asthma. Remodeling was assessed by 
endobronchial biopsy. Lower vitamin D levels were associ- 
ated with increased ASM mass and worse asthma control 
and lung function. ASM mass, but not epithelial shedding 
or reticular basement membrane thickness, was inversely 
related to 25(OH)D(3) levels." 

Cysteinyl leukotrienes (LTC4, LTD4) synthesized from 
arachidonic acid can increase ASM mass, and prostaglandins 
are even more effective than leukotrienes for inducing ASM 
remodeling.'"' Vitamin D significantly reduced production of 
prostaglandin E2, regulating its synthesis and degradation 
by human lung fibroblasts, without any effect on production 
of TGF-pi, vascular endothelial growth factor (VEGF), or 
fibronectin. Vitamin D can modulate fibroblast-mediated 
tissue repair function via this mechanism."'' 



Human rhinovirus infections are the main trigger for 
asthma exacerbations.''^ Viruses may contribute to airway 
remodeling by increasing deposition of extracellular matrix, 
which in turn may contribute to increased ASM mass via 
increased cell migration.'''' Rhinovirus infection induces 
epithelial production of a number of growth factors and other 
mediators, eg, activin A and amphiregulin, that are linked to 
subepithelial membrane thickening, and MMP9 and VEGF, 
which could contribute to development and progression of the 
airway remodeling processes in asthma.''^ In vitro, rhinovirus 
induces release of basic fibroblast growth factor by human 
airway epithelium, and stimulates fibroblast proliferation 
together with increased metalloproteinase activity. ""^ Primary 
human bronchial epithelial cells were treated with vitamin D, 
and rhinovirus replication and gene expression were evalu- 
ated by quantitative polymerase chain reaction.*"* Vitamin D 
did not directly affect replication of rhinovirus in airway 
epithelial cells, but did influence chemokine synthesis and 
alter the growth and differentiation of airway epithelial cells. 
In vitro, treatment of epithelial lung cells with vitamin D sig- 
nificantly decreased HlNl -induced inflammatory cytokine 
transcription levels.''' Human cathelicidin LL-37 and murine 
cathelicidin (cathelin-related antimicrobial peptide), expres- 
sion of which is regulated by VDR activation, showed anti- 
viral activity and modulated the immune response to viral 
infections.™ Downregulation of expression of monocyte 
Toll-like receptors by calcitriol leads to reduced production of 
the proinflammatory cytokine TNF-a in response to stimula- 
tion with Toll-like receptor ligands.'"' Therefore, vitamin D 
sufficiency may be important for overall maintenance of 
pulmonary health via control of innate and adaptive immune 
inflammatory responses.''* 

VEGF is a key mediator of angiogenesis and is able to 
modulate ASM." Blood levels of VEGF are significantly 
increased in asthmatic patients compared with healthy controls. 
Circulating VEGF levels are inversely correlated with percent 
predicted FEVj, suggesting a relationship between VEGF 
production and bronchial remodeling.'^ Induction of VEGF 
may be a potential mechanism via which particulate matter in 
the urban environment influences lung function in children.'' 
Isocyanate-induced occupational asthma is associated with 
upregulated expression of vitamin D-binding protein. In vitro, 
exposure of epithelial cells to isocyanate induces increased 
production of VEGF which is reversed by treatment with 
calcitriol.''' However, in other situations, vitamin D promotes 
production of VEGF.'^ 

Airway remodeling is considered to be a repair process 
occurring after injury to the epithelium. Cellular senescence 



submit your manuscript | www.dovepress.com 
Dovepress 



Journal of Asthma and Allergy 20 1 4:7 



DovcTiress 



Link between vitamin D and airway remodeling 



has been examined in lung specimens from patients 
with asthma, and activation of cellular senescence was 
detected in epithelial airway samples. Moreover, induction 
of cellular senescence has been shown to be required for 
airway remodeling in vitro, and inhibition of cellular senes- 
cence blocked airway remodeling.''' Vitamin D deficiency is 
involved in senescence of different organs by inducing DNA 
damage, cellular senescence, and production of senescence- 
associated inflammatory cytokines and MMPs." 

Vitamin D involvement in lung development is important 
to consider, as remodeling occurs very early in the course of 
asthma. In fact, vitamin D stimulates synthesis of alveolar 
type II cell DNA and surfactant production.^ Mouse pups 
born to mothers with vitamin D deficiency were shown 
to have decreased lung function, primarily as a result of 
reduced lung volume. In the same way, lung compliance was 
decreased in rat pups born to vitamin D-deficient mothers.'^ 
Moreover, the authors of a study on remodeling in severe 
asthma of childhood hypothesized that ASM hypertrophy 
resulted from vitamin D deficiency in utero.''^ As such, vita- 
min D deficiency may predispose to asthma or increase the 
morbidity associated with asthma by altering lung develop- 
ment in early life.^ 

Potential prevention 

and reversal of remodeling 

Recombinant adeno-associated virus containing antisense 
against the IL-4 gene (rAAV-asIL4) vector can significantly 
suppress the expression of IL-4 protein and airway inflamma- 
tion in the rat. Interestingly, rAAV-asIL4 decreases collagen 
deposition beneath the basement membrane, suggesting the 
potential to attenuate the airway remodeling process by inhi- 
bition of airway inflammation.''^ In the same way, treatment 
with anti-immunoglobulin E antibody inhibited the develop- 
ment of airway hyperresponsiveness, eosinophilic inflamma- 
tion, and airway remodeling.™ Vitamin D, by inhibition of Th2 
cytokine production, can enhance the effect of asthma drugs 
on remodeling. Budesonide and formoterol, both alone or in 
combination, were shown to effectively inhibit bradykinin- 
induced differentiation of fibroblasts into myofibroblasts and 
to have the potential to inhibit fibroblast-dependent matrix 
remodeling in the airways of asthmatic patients. However, 
there was no consistent evidence of an inhibitory effect of 
steroids on remodeling.*' Arachidonic acid-derived media- 
tors, ie, cysteinyl leukotrienes and prostaglandins, production 
of which is decreased by vitamin D, constitute a potential 
target for modulation of remodeling.'"' Monthly vitamin 
D doses of 60,000 lU significantly reduced the number of 



exacerbations and improved lung function tests. Further, 
vitamin D supplementation improved symptom scores and 
decreased steroid requirements, and also increased the Treg 
subset.^' One plausible mechanism fortius reversibility effect 
on steroid resistance is upregulation of F0XP3 in Tregs by 
vitamin D.'' 

Vitamin D supplementation 

Data suggesting that vitamin D deficiency results in an 
increased risk of asthma and allergy continues to accumulate. 
However, the amount of vitamin D required to decrease the 
risk for both development and severity of these disorders 
is still unknown, and the results of ongoing clinical trials 
on vitamin D supplementation are needed before recom- 
mendations can be firmly established.*^ 

With regard to vitamin D supplementation during preg- 
nancy, two epidemiologic studies have shown that higher 
vitamin D intake is associated with a reduction in the risk 
of recurrent wheeze in children.'^-*'' Further, Errkola et al 
found lower rates of allergic rhinitis and asthma in 5-year-old 
children whose mothers had a higher vitamin D intake during 
pregnancy.*' In contrast, a study from the UK reported an 
increased risk of eczema and asthma in children bom to women 
with higher levels of vitamin D (>75 nmol/L or 30 ng/mL).*'' 
Wj St et al suggested that exposure to higher doses of vitamin D 
in utero might be a risk factor for development of atopic dis- 
orders, and suggested that the current asthma epidemic may 
be due to food supplementation with vitamin D.*' 

The large, randomized, multicenter Vitamin D Antenatal 
Asthma Reduction Trial is testing the hypothesis that 
vitamin D supplementation in pregnant women can pre- 
vent asthma and allergic diseases.** In the Prevention and 
Incidence of Asthma and Mite Allergy birth cohort, serum 
vitamin D concentrations at age 4 years were inversely 
associated with asthma at the age of 4-8 years.*' However, 
a trial of supplementation with vitamin D in late pregnancy 
showed no effect on wheeze frequency or lung function in 
offspring by the age of 3 years.'" In this study, supplementa- 
tion improved but did not optimize vitamin D status.'" 

Even if more evidence is still required to support supple- 
mentation of vitamin D to prevent asthma, positive data have 
been reported with respect to vitamin D supplementation as 
a common treatment for asthma, with the effect of decreas- 
ing the frequency of exacerbation and improving steroid 
sensitivity.'*" In a recent prospective study,'* vitamin D sup- 
plementation in asthmatic children appeared to prevent exac- 
erbation of asthma triggered by acute respiratory infection. 
Further, Majak et al'* compared two groups of asthmatic 
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children who were treated with inhaled corticosteroids with 
or without vitamin D3 supplementation. Children treated with 
steroids and placebo experienced more asthma exacerbations 
and had more severe clinical manifestations than children 
with treated with steroids and vitamin D3. In addition, 
vitamin D supplementation improved antimicrobial defense 
against respiratory tract infections. '^''^ 

Conclusion 

As shown in this review, airway remodeling involves 
structural changes in the walls of the airways induced by 
repeated injury and repair processes, and is characterized 
by changes in tissue, cellular, and molecular composition 
affecting the ASM, epithelium, blood vessels, extracellular 
matrix, and defective lung-blood barriers. Airway remodel- 
ing is an early event in asthma and other lung diseases, and 
is arguably one of the most intractable problems leading to 
irreversible loss of lung function. Vitamin D may influence 
airway remodeling by affecting the growth and contractility 
of ASM and inhibiting TGF-(3 and MMPs, as well as fibro- 
blast proliferation, promoting antimicrobial pathways, and 
suppressing Treg activity, as summarized in Figure 1 . 

Our knowledge regarding direct mechanistic links 
between vitamin D and lung disease is limited. In view of 
the available data, vitamin D insufficiency can be said to 
be associated with the severity of childhood asthma and 
airway remodeling. According to experimental evidence, 
several pathways involve hypovitaminosis D in remodeling, 
ie, development of alterations in the lung and accelerated 
cellular senescence associated with an unbalanced process 
of repair, with excessive Th2 inflammation, fibroblast acti- 
vation, and smooth muscle cell hypertrophy, suggesting a 
beneficial therapeutic impact of supplementation on reversal 
of remodeling. However, major evidence supporting the 
beneficial effect of vitamin D supplementation on remodeling 
is needed. Vitamin D supplementation does inhibit several 
profibrotic mediators and production of growth factors in 
vitro, but the results of clinical trials are still controversial. 
The issue lies within the link of causality between vitamin D 
insufficiency and asthma. Although vitamin D is definitely 
necessary for pulmonary health, the low levels observed in 
asthma could be due to the inflammatory process and simply 
considered as a marker of severity. Recommendations cannot 
be made regarding vitamin D in asthma until the results of 
ongoing clinical trials become available. 
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